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ABSTRACT

Radio Astronomy Explorer (RAE) I data are analyzed to

determine the frequency dependence of HF terrestrial radio

noise power. RAE observations of individual thunderstorms,

mid-ocean areas, and specific geographic regions for which

concommitant ground based measurements are available indicate

that noise power is a monotonically decreasing function of fre-

quency which conforms to expectations over the geographic 
loca-

tions and time periods investigated. In all cases investigated,

active thunderstorm regions emit slightly higher power as con-

trasted to RAE observations of the region during meteorologi-

cally quiet periods. Noise levels are some 15 dB higher than

predicted values over mid-ocean, while in locations 
where ground

based measurements are available a maximum deviation of 5 dB

occurs. Worldwide contour mapping of the noise power at 6000 km

for five individual months and four observing frequencies, ex-

amples of which are given in the report, indicate high noise

levels over continental land masses with corresponding lower

levels over ocean regions.
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1.0 INTRODUCTION

In addition to providing significant measurements of gal-

actic and solar radiation since July 1968, the utility of the

Radio Astronomy Explorer (RAE) I Satellite has been further en-

hanced during the past two years as a result of its capability

to provide global coverage of the Radio Noise Environment in near

space (6000 KM), having its genesis in terrestrial noise sources.

RAE's potential as a means of globally monitoring terrestrial

radio noise in a continuous manner was recognized early, but it

has been only recently that scientists have begun to investigate

this aspect of the RAE measurements. Consequently, RAE's poten-

tial in this most interesting and important area has not been

fully exploited.

Preliminary investigations at ASC have been extremely en-

couraging and the frame work now exists within which to engage

in more detailed and expansive studies of the Terrestrial Noise

Environment. These preliminary findings have been communicated

to the scientific community by means of four symposia presenta-

tions (Caruso, et al, 1972 a, b,; Herman, et al, 1972, a,b.).

The objective of the present report is to display the analyti-

cal results arrived at under the current contract, (NAS 5-23121),

both quantitatively and in descriptive fashion. The development

of a simple mathematical model describing the frequency dependence

of the noise power is given in Section 2, and the model is then

utilized for analysis and uomparison of simultaneous ground-based

and satellite noise measurements (Section 3).
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RAE observations of individual thunderstorm events occurring in

the U.S. are discussed in Section 4, and global maps of terres

rial noise on 9.18, 6.55 and 4.7 MHz for December, 1968, and '.i

MHz for October, 1968, and August, 1969, are presented in SectcI...

Throughout this report, effects of the spatial and tempor-i

variations in ionospheric penetration frequency on the observc-

noise at RAE altitude are considered, and taken into account

quantitatively where appropriate.

The results presented here support and amplify the earli-c

tentative conclusions derived under Contract NAS 5-11386. Al-

though this document is the "final report" under Contract NAS

23121, its contents should be regarded as a technical progresL

report, for there is still much to be learned from the extensvv

and valuable data base provided by the RAE I satellite.



2.0 FREQUENCY DEPENDENCE OF NOISE POWER

2.1 ELEMENTARY THEORY

A mathematical formulation of the frequency dependence or

the noise power is perhaps an ambitious enterprise in the case or

RAE observations of terrestrially generated noise, since the ico.-L

power at the satellite is a function of several not easily deter-

mined variables in addition to the frequency. In principle, an

accurate formulation can be arrived at, not without some difficlit

to be sure, if there is sufficiently detailed information at t!.

disposal of the investigator concerning the time dependence of i

source intensities and source distributions, the state of the -ill

vening ionosphere, antenna characteristics, meteorological corl,'I

tions and so forth. Lacking such information, a completely s,.

ful, general formulation of the functional relationship betweui

noise power and frequency is not possible. Nevertheless, with

certain simplifying assumptions and a judicious choice of RAE iu.

and observational period, a relationship can be derived which cuJ

relates very well with earlier theoretical studies, and more impLt

antly, with other independent experimental observations.

A simplified concept of the relationship between the noise

at the ground, the intervening ionosphere, and the terrestrial

noise at the satellite is shown in Figure 1.

It assumes with flat Earth geometry, that the ground is

visible to the satellite at height H over a circular area of radiu

R, and the noise is uniformly distributed throughout the area.

The radius might be fixed by the ionosphere, the antenna area pro-

jected to the ground, or the size of the thunderstorm; at present,
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it appears that the ionosphere is the dominant factor.

The power flux density incident at the satellite

-2 -1
Ps (Wmin Hz ), is

k T (1)
s A s

where k is Boltzmann's constant, As is the RAE antenna aper-

ture, and Ts is the equivalent antenna temperature measured by

RAE, Similarly, the power flux density radiated by a point 
source

at the ground is

kT

Pg A (2)
g

Now assuming that the energy is radiated isotropically into

the half-sphere above the ground, the power flux density at 
a dis-

tance D due to the sources in an elemental area of the extended

source (Figure 1) will be

p RdGdR

dP g
S 27 D2  (3)

where D2 = R2+H 2 when RAE is vertically above the extended source

center.

The total power flux density at the satellite is, then,

R 2 P RdRdG

p =g (4)

s 27 (R2+H2)
O O

To make the integration tractable, we have considered only cases

where the predicted foF2 contours are of a circular nature surround
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ing the area in question. Under these circumstances, the ex-

pression can be integrated directly with the following result;

P 1 P log ,(R 2 + H 2 )
Ps p e H2  (5)

Since the effective antenna area is

A G
47r

where G is the gain and X the wavelength, eqs. 1, 2 and 5 com-

bine to form

S Tg log (R2 +H2  (6)

where Tg now is the temperature which would be measured at the

ground with an omnidirectional antenna (Gg = 1),and Gs is the

gain of the RAE antenna.

If ionospheric refraction is neglected and the ionosphere

is assumed to have a critical frequency of fc and a virtual height

of 300 km, the relationship between the ratio of critical to ob-

serving frequency (f) and the great circle distance (L) between

a point source and the subsatellite point can be shown to be

(Herman, et al, 1973)

1/2

~f sin2 (L/Re)f I
1.39-1.14 cos (L/Re) (7)

where Re = 6370 km, the Earth's radius.

For a spatially constant critical frequency or an ionosphere

concentric about the subsatellite point, L=R, so that the effec-
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tive viewing area can be deduced from a knowledge of the critical

frequency distribution.

To summarize the limitations to equation 6; (a) the source

temperature is probably not constant over the whole viewing area,

so Tg represents the average of the temperatures that would be

measured by placing an omnidirectional antenna at a number of loca-

tions within the viewing area; (b) because R equals the satellite

horizon (6500 km) with no ionosphere the flat Earth approximation

breaks down when the critical frequency is sufficiently low; (c)

the viewing area is circular only when the critical frequency through

out the viewing area is either constant or concentrically distributec

about the subsatellite point.

The events selected for the analysis are within limitations

(b) and (c), but the results are necessarily the average ground

noise temperature over the whole viewing area.

2.2 APPLICATION TO OCEAN CONTROL PASSES

In order to test the usefulness of the model and also to es-

tablish what the noise level is during meteorologically quiet con-

ditions, a number of RAE orbits over the central Atlantic and

northern Pacific Oceans where selected for study. The choice of

ocean regions is based on the fact that they are well removed from

man made noise sources and transmitters, almost all of which are

located on continental land masses. A further consideration is

that there is a low probability of thunderstorm occurrence over the

major oceans (crichlow, et al, 1971). Consequentlv, the noise

power as a function of frequency over the Pacific and Atlantic
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can be used as a standard or guide from which to measure the

increase in noise power from man made sources and atmospheric

noise. The results of control day passes over the Atlantic and

Pacific Oceans during selected time periods in September, 1969

are depicted in figure 2. The computations of source temperature

were made using equations (6) and (7), Section 2.1. The predicted

values of critical frequency at the geographic locations and times

under investigation indicate that the ionosphere is reasonably

concentric. Therefore, L Z R is the radius of the satellite view-

ing area. Using the predicted values of critical frequency to

establish the variability of R and the measured values of Ts

the average ground temperature Tg beneath the viewing area was

calculated using Equation (6) for each frequency. The most pro-

minent features of the curves are the monotonic decrease of noise

power with frequency and the fact that the measured curves are

some 15 db higher than predicted noise factors. Since predictions

over ocean areas are somewhat less reliable than in those areas where

the predicted values can be weighted on the basis of noise 
measure-

ments, i.e. on land, it is reasonable to conclude that the disparity

in the curves is a result of the predictions being too low.

The fact that the shape of the measured noise power curve

conforms to what one would expect on the basis of our prior knowledge

of the frequency dependence of the noise lends credibility to the

model developed. As will be shown in Section 3, the difference in the

magnitude of the noise which in this case is 15 db is reduced to a

negligible amount when the RAE observations are compared 
to ground

based measurements.
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3,0 COMPARISON WITH GROUND BASED MEASUREMENTS

In order to ascertain what fraction of the total energy in-

tercepted by RAE's lower VEE antenna has its origin in a region

directly below the satellite, a comparison between RAE and ground

based measurements on ARN-2 receivers (short vertical whip antennas)

located at Cook, Australia and Pretoria, South Africa was carried

out. Attention is focused on Pretoria since, in this case,

a quite interesting phenomenon manifests itself, although in 
all

other particulars the results at Cook and Pretoria are equivalent.

The radiation from below the satellite may be due to direct

thunderstorm contributions, man-made noise, ground based transmitter

located within the satellite viewing area and operating with the

200 khz RAE band width, or the radiation can be due to contributions

from distant sources arriving in the area via ionospheric reflectior

Certainly, another possibility is that distant transmitters

are, in fact, a major contributor to the total noise power at the

satellite, propagating energy either directly or via ionospheric

reflections penetrating the ionosphere from areas other than direct]

below the satellite.

It is shown later that this possibility is very small when the

transmitter is sufficiently far away. It is reasonable to assume

that, based on the inter-relationship between the location 
of

terrestrial noise sources, the ionosphere, and the satellite pos-

ition and antenna pattern, each measured value of noise tempera-

ture should be plotted at a geographic position directly below 
the

satellite corresponding to the time of measurement. The validity

of this assumption is strengthened because of the good correlation

between the contour maps discussed in Section 5 and what we

8



are led to believe by prior knowledge of the spatial and temporal

distribution of noise sources, transmitter locations, the iono-

shere, and CCIR predictions among other things.

The Raison d'Etre of the comparison with ground based measure-

ments is to further investigate the validity of this assumption

in a more direct manner. To this end, records of ground based

ARN-2 receiver measurements taken at Cook and Pretoria were acquired

from Mr. Robert Disney (NOAA) for selected periods during 1969.

In order to make this comparison, the model developed to de-

rive the noise power versus frequency dependence in Section 2

was employed in conjunction with manual ray tracing techniques

discussed by Davies (1965) to determine the direct contribution

from distant sources.

As an illustration of the results obtained - on the basis of

the satellite viewing area model and the manual ray tracing analysis,

an RAE pass over Pretoria, South Africa on July 20, 1969 at 1741UT

(l900LT) is investiqated in some detail.

This pass was selected because RAE was directly over Pre-

toria during local evening where the measured value of foF2 at

Pretoria, 3.4 MHz, indicated that the ionosphere was transparent

to the observing frequencies. Further considerations are that

the predicted and measured values of foF2 were reasonably close

and the foF2 contours display a circular character in the area

surrounding Pretoria. Directly south of Pretoria foF2 decreases

and the viewing area is larger and non-circular.

We have constrained the area to be circular in this direction.

This is reasonable since the region toward the pole and over southern

ocean areas are regions of low noise activity well outside the main
9



beam of the antenna and, therefore, will represent at best a

second order contribution to noise power.

The noise temperature of the RAE lower antenna as a function

of universal time as RAE passed over Pretoria is shown in Figure 3.

The curves are parametric in frequency. At 1738UT, Pretoria is

just within the perimeter of the RAE viewing area, as RAE approaches.

The noise temperature has saturated the receiver on 3.93 MHz but
10

we can at least set a lower limit of 10 OK. The temperatures on

the remaining frequencies decrease with decreasing frequency.

At approximately 1741UT, RAE is directly over Pretoria. The

noise temperature on 3.93 MHz has fallen considerably, and the temp-

erature decreases with decreasing frequency for all observing fre-

quencies. At 1750UT, RAE has moved away, but Pretoria is still withi

the perimeter of the viewing area and the noise temperature on 3.93

MHz has increased to 2 x 10 OK, while the values on 4.7 to 9.18 MHz

are essentially the same as they were at 1741UT. Figure 4 will be

of some assistance in the visualization of the viewing area location

at the times mentioned above.

The data shown in Figure 3 is simply the total noise temper-

ature as measured at the satellite. When the circular viewing area

as determined by the local critical frequency and observing frequency

is taken into account in the manner prescribed by the model devel-

oped earlier, one arrives at the results displayed in Figure 5.

Noise factor is plotted as a function of frequency at 1741UT. The

CCIR (1964) predicted values and the ground based measurements,

(Disney, private communication) are plotted in addition to the RAP

measurements. Correlation between the ARN-2 and RAE measurements
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is very good, the maximum deviation being about 4 dB. The fact

that the CCIR predictions are lower is very likely a result of the

values being averaged over a number of months and over a four hour

time Period.

The situation is significantly different at 1738UT as indi-

cated in Fiqure 6. Fa at 3.93 MHz is >75 dB. This anomalous

behavior at 3.93 MHz can be accounted for in the following way:

The International Frequency Registration Board lists four transmit-

tprs in Johannesburq, adjacent to Pretoria, operating within the RAE

hand width centered at 3.93 MHz. These are the only transmitters

operating on any of the observing frequencies within the viewing

area, as far as we can ascertain. The combined total radiated

power, assuming 10% efficiency, ranges from 8 to 40 kw.

A calculation of the loss incurred over the propagation path

from the transmitters to RAE indicates that a temperature of about

10 oK shoulA he measured at the satellite, and this would clearly

explain the noise factor being in excess of 75 dB. For the satellite

viewing area directly over Pretoria at 1741UT, RAE would be directly

above a null of the antenna and, therefore, the transmitters would

not contribute significantly.

At 1750UT as RAE moves away from Pretoria, the noise factor

on 3.93 MHz is 68 dB.(Fig.7) This is reasonable if it is assumed that

the antenna has some directivity toward the central and northern parts

of the continent and lower radiated power southward toward the pole.

The phenomenon of noise power fading as RAE passes directly

over either isolated, known transmitter locations, or localized

clusters of transmitters as in this case in Northern China, recurs often

enough to indicate that the phenomenon is not a chance occurrence,
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A further example of power fading over the cluster of 9180 + 20 KHz

transmitters in Northern China is depicted in Figure 8 •

As suggested earlier, distant transmitters may make major

contributions either directly or via ionospheric reflections pene-

trating the ionosphere from areas other than directly below. Figure 9

indicates the geometry involved and some limiting cases resulting

from ray tracing application. The transmitters operating at about

9.18 MHz are located at Urumschi, China (Sinkiang Province) and the

satellite is located directly above Pretoria at 1741UT. The great circ

path is divided into 1000 km increments and labeled with the ap-

propriate predicted value of foF2.

For the 1 1/2 hop case, an examination of the figure in the

region where the ray would penetrate the.ionosphere, and an ap-

plication of Snell's Law indicates the ray would be unable to pene-

trate. This is also true for the 7 1/2 hop case. Thus, we can con-

clude that there are no paths to RAE via reflections and penetration

from areas other than below the satellite.

Although it is possible that some direct path might exist from t

transmitters, the ray tracing technique used is unable to calculate

just how much energy will arrive via such a direct path. However, the

good correlation shown in the earlier figures between the ground

based and satellite observations indicate that it should be small.

But perhaps even more importantly, at times when RAE is on the

dayside where the ionosphere would be expected to effectively shield

the noise sources directly below the satellite radiating at the RAE

observing frequencies, the noise temperature on the lower Vee is

invariably equal to, or less than that on the Upper Vee, that is,

12



the terrestrial noise power is always below the cosmic noise background.

Since in principle a direct path might exist between RAE and distant

transmitters the most obvious, and indeed we feel, the only proper

conclusion to be drawn is that energy arriving at the satellite

via long direct paths simply does not exceed the cosmic noise back-

ground, and does not represent a significant contribution to the

total noise power at the satellite.

To summarize, the model developed for radiation from an

extended source, when applied to the RAE observations yields good

agreement with ground based measurements. The anomalous behavior

on 3.93 MHz was accounted for by the presence of 3.93 MHz trans-

mitters located in the viewing area. Ray tracing shows that energy

from distant transmitters is unable to reach RAE, in this case, via

reflection and penetration from areas outside the viewing area

directly below the satellite.
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4,0 INDIVIDUAL THUNDERSTORM ANALYSIS

The detection and monitoring of thunderstorms by an orbit-

ing satellite has been a promising possibility for a number of

years. Horner (1965) showed that significant amounts of radio

energy from lightning discharges in a thunderstorm area can be

expected up to altitudes of about 1000 km. However, there are

some major difficulties in using radio techniques for thunder-

storm observations by satellite (Pierce, 1969). For the RAE I

Satellite in particular, although the directive gain of the VEE

antennas is high, the projected antenna beam width from a height

of 6000 km constrains RAE to view a very large area relative to

individual thunderstorm dimensions. The purpose of our analysis

has been to ascertain whether the RAE antenna and orbital para-

meters yield sufficient terrestrial space resolution for the pur-

poses of thunderstorm detection.

The basic objective of the analysis is to determine the dif-

ference in received noise power (expressed as equivalent antenna

temperature in OK) on RAE passes over a given region with and with-

out thunderstorms, as a function of frequency.

Approximately 200 thunderstorms occurring in the U.S. during

May through September, 1969, were located utilizing storm data

from the World Data Center (WDC) in Ashville, N. C. Of these,

roughly a dozen were possibly in progress at night (the precise

occurrence times are not always listed) when RAE passed within

about 1000 km of their location and, in addition, that location

14



was storm-free five nights earlier or later for control purposes.

Corresponding ionospheric critical frequency data were

obtained from WDC, Boulder, Colorado for the stations Boulder,

White Sands and Wallops Island to calibrate the CRPL median pre-

diction maps in the vicinity of the storm region, and thereby

gain an estimate of ionospheric shielding at the times of interest.

Variations in equivalent noise temperature generated by

thunderstorms, background noise (and distant transmitters) on con-

trol nights, as well as the extent of ionospheric shielding all

appear to present first-order complexities in the analysis. Only

two of the apparently simpler events are therefore treated here.

These are passes over storms in the middle U.S. on the nights of

15/16 September 1969 and 28/29 September 1969, and their respective

control nights of 20/21 (5 days after) and 18/19 (10 days before)

September. The basic satellite data are in the form illustrated

in Figure 10.

Lacking ground-based radio noise measurements in the geo-

graphical region of interest, it is appropriate to deduce the

equivalent ground noise temperature on the basis of the satellite

temperature and critical frequency measurements through eqs.6 and

7A (Section 2). Although one could as easily assign values to T from CCI'

(1964) or other predictions (e.g. Horner, 1965) and compute an

expected noise temperature at the satellite for comparison with the

measurements, it is felt that interference effects would be more

evident in the results obtained by the method chosen.

15



Thunderstorm activity was reported in Wisconsin, and in the

3-state area of Kansas, Oklahoma and Nebraska in the night of 15/

16 September 1969, as illustrated in Figure 11. In this night RAE

passed near these areas to the northwest and heading southwest 
at

about 0420 UT (~2115 LT). Five nights later RAE passed over going

in the same direction along the track labeled "Control Pass 1";

storm data listings indicated no activity on the control night.

The satellite antenna temperature data, recorded as 32 sec

averages, were averaged over a period of 160 sec (5 readings)

centered on 0420 UT on the storm night and on 0359:30 UT on the

control night, to establish a representative effective tempera-

ture, Ts . Considering the ionosphere to be the limiting factor

in the size of the viewing area, each frequency sees a different

area, (the highest frequency covering the largest area), but all

four frequencies can see the storms.

A more detailed view of the ionosphere effect is given in

Figure 12. For later discussion the position of a high-powered

transmitter located in northern China is noted. The critical fre-

quency distribution along the great circle path from 
the trans-

mitter to the sub-satellite point was derived from the CRPL pre-

dictions corrected over the U.S. by the foF2 measurements at

Boulder, White Sands and Wallops Island. The path is 10,300 km long,

and its apex reaches 851. N geographic latitude.

The maximum distance, L, from the sub-satellite point that

a point source could be located and still be seen by RAE on each

frequency was deduced from eq. 7 according to the foF2 distribution

along the path. Line-of-sight ray paths from each of these point

source locations are constructed to the satellite position (neg-
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lecting refraction) in Figure 12. It is evident that the range of

view for 3.9 MHz is smallest, and the viewing angle at the sat-

ellite widens with increasing frequency.

To a first approximation the ionosphere can be considered

to be concentrically distributed in this example, so that L Z R

is the radius of the viewing area. Utilizing these (Fig.12) values

of R in Eq. 6 along with measured values of Ts (averaged over 160

sec.) the value of average ground temperature Tg within the view-

ing area was deduced for each frequency. The results are plotted

in Fig.13, but before proceeding to that, a word about interfer-

ence is in order in connection with Fig.12.

The transmitter in northern China is 100 kw operating on a

frequency inside the 200 khz bandwidth of 9.18 MHz. It is one

of approximately 15 such transmitters listed in the World Frequency

Listing of ITU*; all of which are located in China and Russia and

are 10,000 km or more from central U.S. It is therefore, represent-

ative of a possible interfering transmitter. Utilizing Davie's (1965)

techniques for manual ray tracing in conjunction with the situation

depicted in Fig.12, we find that the only ray paths open to signals

from the transmitter to the satellite (again neglecting refraction)

are 6 1/2 and 7 1/2 hops. The total path distances are in excess

of 10,000 km, at least the first three and a half hops are on the

day side, the paths cross the auroral zone twice, and the two paths

have three and four ground reflection points, respectively.

Assuming that the 100 kw transmitter is 10% efficient feeding

a transmitting antenna with zero gain, and taking account of the

transmission losses (i.e. distance antenuation, daytime absorption,

* International Telecommunication Union
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auroral absorption and ground reflection loss), the computed re-

ceived power converted to equivalent temperature in dB > To is

30 dB for 6 1/2 and 7 1/2 hops, respectively. These levels are more

than 30 dB lower than the RAE measured temperatures. Further, since

there are no transmitters operating on any of the assigned RAE fre-

quencies in the U.S., a similar set of circumstances would prevail

for those frequencies. It may be concluded, therefore, that for

the events in question, the data are not contaminated by interfering

transmissions.

Now returning to Fig. 13, along with the average source temp-

erature at the ground deduced from the RAE measurements there are

three prediction curves given. "JTAC" refers to the expected man-

made noise level in an urban area as predicted by the Joint Tech-

nical Advisory Committee of IEEE (c.f., Herman, 1970). "CCIR" is

the predicted median atmospheric noise level in the storm area

(central U.S.) for 20-24 LT time block, summer season (CCIR, 1964).

"Horner" is the average noise temperature required (on the ground in

a thunderstorm area with radius 1000 km) to give the power flux

density predicted by Horner (1965) for an altitude of 1000 km.

The source temperatures deduced from RAE measurements and

the elementary theory embodied in Eqs. 6 and 7 are plotted in Fig.13

where the solid circles refer to the storm data of 16 September

1969, and the open circles are the corresponding control day of.21.SeE

ember. The solid blocks are for a second storm observed over Minn-

esota on 29 September 1969, with corresponding control day data (open

blocks) on 19 September (no data were available 5 days before or

after the 29th).

As it turned out, on both control nights the critical frequency

over the storm area was greater than 4.7 MHz, so we have no control

data on the lower frequencies.
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Comparing the storm nights, the September 16 storm apparently

covered a larger geographic area than the Minnesota storm judging

from the WDC storm data reports, and the measured temperature (solid

circles) on the 16th is about 4 dB higher than on the 29th (solid

blocks) on all four frequencies. The frequency dependence for both

storms is consistent with that expected from thunderstorm noise.

Both storm passes see temperatures 4 to 8 dB higher than the noise

level expected in urban areas. Compared to the control nights, the

storm passes are 1 to 6 dB higher.

Briefly recapitualating the salient features of thunderstorm

observation by RAE, the following factors should be emphasized:

1. The periods of observation are somewhat limited

due to the constraint that the critical frequency

distribution over the satellite viewing area be

either circular or uniform in nature.

2. All of the storms investigated to date clearly dis-

play higher noise temperatures than is the case on

"control" days, across the whole RAE JLower Vee Spectrum.

3. The size and intensity of an individual thunderstorm

cannot be adequately determined utilizing present analy-

tical techniques. However, it is believed that with

a further refinement and sophistication of analytical

techniques, size and intensity information can be

extracted from the raw data.

4. Over the United States, the noise level appears to be

quite high regardless of season (section 5), which implies

a substantial background due to man made sources (not

transmitters). When a thunderstorm does occur, it may
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occupy only a fraction (perhaps 20-30%) of the total

area observable by the satellite. The conversion tech-

nique utilized in this analysis forces the equivalent

ground temperature to be the average temperature over

the whole viewing area, which would be considerably

less than the temperature of the thunderstorm. This

average ground temperature, when compared to the already

high background noise level from man made sources, is

only about 5 dB greater in the cases investigated. It

is expected that, in regions where the background level

is low,.-such as over the oceans, the storm-time level

can be quite high in comparison. In section 5, a case

of this nature is investigated.
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5,0 NOISE CONTOUR M1APPING

5,. PREPARATION OF MAPS

Contour maps of terrestrial noise distributions have been

generated manually in the manner described by Herman and Caruso

(1971). Selection of the data was restricted to periods in 1968

and 1969 when RAE was nominally over Earth's night side. For

1968 data, in the local time block periods of 20-24LT, 00-04LT and

04-08LT, the ephemeris information printed out at 15-minute UT in-

tervals was manually searched to find local times falling into the

above LT time blocks. Usually only 2 points within a block were found.

At these points the universal time and geographic location of the sat-

ellite were noted, and the noise magnitude at that UT time was extracted

from the whole-orbit RV data tabulated on microfilm and converted

to decibels (dB) above 2880 K. On base maps cast in modified-cylind-

rical (geographic) coordinates each noise magnitude was recorddd at

its appropriate location, and then isolines of constant noise level

in 5-dB increments were drawn manually through the data points.

Data from consecutive passes covering approximately five days were

required to obtain full longitudinal coverage of the globe. For

1969, the available ephemeris is listed at 10-minute intervals, in-

creasing the number of data points by about 50%.

The first global map of terrestrial radio noise prepared earlier

in this manner, based on RAE data taken on 9.18 MHz in December, 1968,

is in publication (Herman, et al, 1973), and is reproduced here in

Figure 14 for comparison with additional maps generated under the pre-

sent contract. For the December, 1968, period, data on the frequencies

of 6.55, 4.7, and 3.93 MHz were mapped in like manner. The ionosphere
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was opaque to 3.93 MHz terrestrial noise over most of the global
surface, but useful maps for 6.55 and 4.7 MHz were obtained These
are given in Figs.15 and 16. These maps exhibit frequency variations
of distributions obtained in a single time period. To illustrate var-
iations with month, maps of 9.18 MHz noise for October, 1968, andAugust, 1969, are given in Figs. 17 and 18.

5,2 SPATIALDISTRIBUTION 
VARIATION WITH FREQUENCY

In considering the December series (Figs. 14-16), it is evidentthat there are a number of similarities between frequencies, butalso some differences. As a generality, it can be said that theregions of high noise activity in the northern hemisphere on allthree frequencies are centered over the continental land masses,and the magnitudes are higher over Eastern Europe and the Far Eastthan over North America. Further, the noise level is lower over thenorthern oceans than over the land masses. Note that over the NorthAtlantic Ocean, the magnitude on 9.18 MHz is ~60-65 dB, on 6.55 MHz,
it is -55-60 dB, and on 4.7 MHz, about 45-50 dB.

Over Europe and the Far East, the geographic region contained
within the, say, 65-dB contour shrinks successively in going from9.18 MHz through 6.55 to 4.7 MHz (Figs.14, 15, and 16, respectively)In the southern hemisphere, where the measurements were in

summer and mostly in the local time period 00-04LT the ionospheric
critical frequencies were generally higher than in the (winter) north-ern hemisphere, where the time of observation was 04 -08LT corresponding
to the predawn minimum in critical frequency. Thus, the RAE observing
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frequency of 4.7 MHz was always less than foF2 in latitudes from 00

southward (southward of about 200S over South America), and the

noise level depicted in Fig.16 below the equator corresponds to the

cosmic noise background. To some extent, the higher critical fre-

quencies also affect the 6.55 MHz distribution (Fig.l5). Compare,

for example, the contours over South America with those of 9.18 MHz

(Fig.14 ).

An interesting small feature appears at about 50N, 170 0W on

both 9.18 and 6.55 MHz, but a corresponding maximum was not seen here

on 4.7 MHz. it is probably due to an ocean thunderstorm, since it

was observed on both of the higher frequencies, but the ionospheric

opacity precluded observation on 4.7 MHz. This feature contrasts to a

similar one observed at about 38 0N, 170 W on 6.55 MHz only; a max-

imum occurring on a single frequency such as this is more likely due

to detection of a ground-based transmission.

In still another case, the small isolated high on 6.55 MHz at

150N, 60oW is probably connected to the top of the South American

high due to thunderstorm activity seen on 9.18 MHz (Herman et al, 1973),

but ionospheric cutoff obscures most of that region on the lower

frequency map. Such an argument, that is ionospheric cutoff, is fur-

ther supported by the lack of any corresponding feature on the lowest

frequency (4.7 MHz) map in Fig.16.

Other localized features observable in the maps must be analyzed

on an individual basis, too, because of the continuing interplay

between source types on the ground and variations (both spatial and

temporal) in the intervening ionosphere. The important point to re-

member is that, in spite of any difficulties in interpreting specific
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features, these maps represent the noise distributions 
as seen

by the RAE satellite on 9.18, 6.55 and 4.7 
MHz in the period

00-08LT, December 2-6, 1968. With the exception of modifications

that would be imposed by a different bandwidth, and possibly by

a different antenna configuration, they represent the 
distributions

which would have been seen by any other satellite in 
the same or-

bit during that period. As we have seen, the ionosphere imposes

a greater restriction on the character of 
the terrestrial noise

component on frequencies of 3.9 to 9.18 MHz at satellite altitude

than does the receiving antenna pattern.

5,3 M-ONTH-TO-MONTH VARIATIONS

Major features of the 9.18 MHz December map (Fig.14) have

already been discussed in the previous section and 
by Herman, et al

(1973). Emphasis here will, therefore, be on the October, 1968,

and August, 1969, maps for 9.18 MHz (Figs. 17 and 18).

In October, RAE was over the southern hemisphere in the

period 00-04LT, and over the northern hemisphere 
between 04 and

08LT. It crossed the equator close to 04 LT on each pass, and

again, approximately five days were required 
to obtain full 3600

longitudinal coverage in the time period 00-08LT.

According to the ionospheric predictions (ESSA, 1968), at

04LT the highest critical frequency should not have been greater

than about 7 MHz at all longitudes, so the ionosphere should

have been transparent to 9.18 MHz while RAE was over the equatoria-

latitudes. At the beginning (OOLT) and end (08LT) of the period

of interest, the low latitudes had critical frequencies of 9.2MHz.

greater, as illustrated in Fig.19. However, at hours 
close to OOLT
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was generally in high southern latitudes and, therefore, outside

of the region where foF2 9.2 MHz, and as the satellite moved

equatorward it encountered times near 04LT where foF2 was still

< 9.2 MHz. In the northern hemisphere the local time at the sat-

ellite progressed toward 08LT as RAE moved northward, so

that it was nearly always north of the region of foF2- 9.2 MHz.

(See Fig. 19).

Thus, consideration of predicted critical frequencies shows

that for the October, 1968, 00-08LT period, the critical frequency

of the ionosphere directly below the satellite was practically

always less than the observing frequency of 9.18 MHz. Variations

in the noise distribution presented:- in Fig.17, therefore, reflects

primarily the source distribution rather than the critical fre-

quency distribution. The size of the ionospheric iris (Section 2.1)

will, of course, affect the absolute magnitude of the observed

noise, so the contours at altitude do not necessarily represent

the undistorted noise source distribution.

Neglecting possible distortions introduced by the iris, how-

ever, it can be seen in Fig.17 that, as in December, the October

noise level is highest over the continental land masses and low-

est over the ocean areas far removed from land. In going southward

from the equator, the noise level exhibits a gradual decrease to-

ward the higher latitudes in spite of the fact that the iris is

growing bigger due to decreasing critical frequencies.

The August, 1969, distribution for 9.18 MHz (Fig.18)was con-

structed a bit differently from the October and December maps.

Firstly, it is based on a higher point density afforded by the 1969
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ephemeris data plus 20 days of observational data rather than five

days. Secondly, to achieve full latitudinal 
coverage it was nec-

essary to accept local times in the period 
04-12LT rather than 00-

08LT. No data were available in the northern hemisphere 
of the

Far East due to malfunction of an on-board tape recorder. 
During

August the orbit of RAE was such that the satellite 
was over high

northern latitudes (> 550N) near 04LT, and as its position pro-

gressed southward the local time increased, 
being near the equator

at 08LT and >500S at 12LT. (Fig.20).

This progression of local time allows mapping of the August

noise with minimum interference from the ionosphere, 
but as will

be seen, complete opacity for 9.18 MHz was encountered over 
a por-

tion of the orbits. At 04LT and 06LT the critical frequency was

always less than 6.2 MHz at all predicted 
longitudes, and at 12LT

the predicted foF2 was less than 9.2 MHz 
at southern latitudes

greater than about 180S, as illustrated in Fig.
20 .

When RAE was in the vicinity of the equator at 08LT, the geo-

graphic region containing foF2 > 9.2 MHz and > 6.2 MHz was as de-

picted in Fig. 21, a local time (08LT) critical frequency map ex-

tracted from the ESSA (1968) predictions. One can imagine a dynam.

picture wherein the satellite is over an ionosphere whose critical

frequency is always >9.2 MHz as it travels southward in the north-

ern hemisphere, encounters the newly developing region of high foF

(>9.2 MHz) near the equator when the local time is -08LT, and then

stays well ahead of the expanding opaque ionospheric region in its

still southward journey below the equator from 08LT to 12LT. A

typical example of this progression is given in Fig. 20, where the
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critical frequencies as a function of latitude and local time

at 750E are superimposed on the RAE track.

With this picture in mind, the noise contour map in Fig. 18

for 9.18 MHz in August, 1969, may be examined. Again in this

month it is to be noted that, just as in December and October,

the prominent regions of high noise levels are over the contin-

ental land masses and the low regions are over the oceans. The

effect of ionospheric shielding is clearly evident in the lati-

tudinally narrow region of high foF2( 9.2 MHz) extending across the

map near the equator. Within the bounds of this region(repro-

duced by dashed lines in Fig.18) the noise level is 50 dB or less,

and it is to be noted that over South America where the shielding

region temporarily disappears the noise level increases to 60 dB

and more. The correspondence between high foF2 and low noise is not

perfect in this map (Fig.18);e.g.,the 60dB contour at 50N, 1350 E

and the one over equatorial Africa are in the opaque region. How-

ever, it must be remembered that the ionospheric prediction is for

median conditions in August, and the opaque region would be smaller

or nonexistent on 50% of the days. Both north and south of this

region foF2<9.2 MHz, so the noise contours represent primarily

source changes.

An area of potentially great significance appears in the

Indian Ocean between Madagascar and Australia, bounded roughly

by latitudes 20 - 40 O S and longitudes 60-1050 E.(Fig.18). Here there

are clearly localized regions of high noise level (70dB) imbed-

ded in an area where the ambient was more like 50dB. The expected

critical frequency in this area, as evident in Fig.20, was less
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than the observing frequency of 9.18 MHz and greater than 6.35 MHz.

These localized highs were encountered on five separate pass dates

(Aug. 8, 18, 20,25, 26) out of the total of 20 days utilized for

the map, and on the remaining days the noise level in this region

varied from about 50 to 55 dB.

Unlike the thunderstorm passes over the U.S. analyzed in

Section 4 , the background noise level in the Indian Ocean is quite

low due to the absence of man-made sources, so an active thunder-

storm would raise the observed noise level considerably above

background. It thus appears that the high noise area observed

over the Indian Ocean stems from ocean thunderstorm activity. We

believe this to be an unusual occurrence considering that, in addi-

tion to it being over an ocean where few thunderstorms are generally

thought to occur, it is also in local winter, a season of low

thunderstorm activity. Because the critical frequency in August

was too high, this unusual region was not detected by RAE on the

observing frequencies below 9.18 MHz. An isolated high of 65 dB

was observed in the same Indian Ocean area in October (spring)

on 9.18 MHz (Fig. 17), but not in winter (December, Fig. 14).

In all three months (Figs. 14, 17, 18) the U.S. is covered by

a high region of 60-65 dB lending support to the earlier con-

clusion (Herman, et al, 1973) that the principal terrestrial com-

ponent here is due to man made sources. Northern China, Russia

and the eastern Mediterranean areas are covered by highs of 70-75

dB in October and August as well as in December, and this constancy

further supports also the earlier conclusion (Herman, et al, 1973)

that in these areas, commercial transmitters operating within the

bandwidth of the 9.18 MHz frequency are the major contributors.
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Over northern South America, where thunderstorm activity is be-

lieved to be the major contributor (Herman, et al, 1973), the

highest levels observed were 75 dB (or greater) in December, 65 dB

in October and 70 dB in August. As RAE passed over the middle of

this region (00, 60oW) in December and Oetober, the predicted

critical frequency was 4,2 MHz for both Months, and for August

it was 7.8 MHz. The nominal size of the iris was thus about the

same in December and October, yet the obsarved October noise mag-

nitude was about 10 dB lower than it was for the December passes,

implying less thunderstorm activity in the October period. 
In

August the nominal iris was smaller than in the other two months,

so the source strength must have been donsiderably larger than

in October, and perhaps greater thah in December.
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6;0 SUMMARY AND CONCLUSIONS

Results of our continuing investigation of radio noise

received by the Radio Astronomy Explorer satellite on its down-

ward looking Vee antenna further strengthen the conclusion that

terrestrial radio noise penetrating through the ionosphere on

Earth's night side and other regions where the critical fre-

quency is low produces at 6000 km altitude a noise environment

which is .up to 50 dB or more higher than cosmic noise background.

A first-order theoretical treatment taking into account

ionospheric shielding, extended source of noise from the ground

and antenna configuration has yielded a working relationship be-

tween antenna temperature measured at the satellite and the equiva-

lent average source temperature at the ground. That is, based on

flat earth geometry,

1' R2+H 2

Ts 2 T Gs loge 12 g H

Where T is the satellite antenna temperature at altitude H, and

T is the average noise temperature which would be measured by

an omnidirectional antenna placed on the surface at a point within

the effective circular source area of radius R. (Gs is the sat-

ellite antenna power gain.)

For an ionosphere with a critical frequency of fc and layer

maximum height of 300 km, spherical earth and satellite height of

5850 km, the effective ground range, L, from source to subsatellite

point is given by (Herman, et al, 1973)

1/2

sin 2 L/je)
= Ii

I 1.39-1.14 cos (L/Re) _ (7)
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Where f is the observing frequency and Re is radius of Earth

(6370 km). The constants are a function of layer height and

satellite height.

With a flat-earth approximation and an ionosphere whose

critical frequency is constant or circularly concentric over

the effective source area,

L Z R

Except when ground-based transmissions interfere on a

specific frequency, the noise temperature due to terrestrial

sources measured by RAE increases with increasing observing

frequency, even though atmospheric and man made radio noise

both have an inverse frequency dependence. Our simplified

theoretical model shows that the increase at altitude is due

to the expanding effective source area seen by the antenna at

higher frequencies. This increase in source size overrides the

decrease in intensity per unit area.

For a selection of passes over the central Atlantic and

northern Pacific Oceans, the surface noise temperatures deduced

from RAE observations on the frequencies of 3.93 to 9.18 MHz

agree with the slope but not the magnitude of noise curves pre-

dicted by CCIR (1964). In the cases investigated, the measured

noise was about 15 dB higher than predicted, and it is tentatively

concluded that the predicted values for those ocean locations

were too low.

Analysis has been made of passes over Pretoria, South Africa

and Cook, Australia, where ground-based noise measuring stations

and ionospheric sounders provide correlative data. Good agreement

31



was found between RAE noise expressed as equivalent source temp-

erature and ARN-2 ground-based noise measurements.

The pass over Pretoria also offered opportunity to invest-

igate quantitatively the effect of commercial transmitters located

within the viewing area dictated by the ionospheric iris. It

was found that the transmitted signal on 3.93 MHz saturated the

receiver when RAE was north of the station, but as the satellite

passed directly over the transmitter, the RAE antenna temperature

dropped to a value consistent with the level expected from natural

sources as measured at the ground by ARN-2. Measurements on

9.18 MHz on other passes over Urumschi., China where a high powered

transmitter is located exhibit a similar behavior, that is, the

noise magnitude is substantially lower when RAE is directly over

the transmitter location. It is concluded that this behavior is

due to the deep null in the vertical direction that is character-

istic in the antenna patterns of transmitting antennas used by com-

mercial broadcasters.

Night time passes over the United States during local summer

were utilized to investigate the contribution of action thunder-

storms to the noise level measuredby RAE. After taking into

account the ionospheric iris based on measured critical frequency

values, it was found that the RAE noise level was 1-6 dB higher

on storm time passes than on control passes going over the same

region at about the same local time on nights with no reported

storms. The RAE measurements on both storm and control nights rang

from about 4 to 8 dB higher than the man made noise level pre-

dicted for urban areas. Local winter RAE data gathered in the

period 00-08LT over the U.S., when converted to equivalent surface
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temperatures using predicted critical frequency values exhibit

magnitudes comparable to the summer control results. It, therefore,

appears that man made sources provide a more or less constant high

average background level. Atmospheric noise from thunderstorms

covering only a portion of the effective source area (i.e., the

total surface area visible to RAE through the iris) would thus

add a relatively small amount to the total noise temperature.

The noise level due to thunderstorms occurring in regions

where the background noise level is normally low, such as in ocean

areas, would therefore be expected to be much higher than back-

ground. An example of this has been found in the Indian Ocean as

a feature of the August, 1969 global map of 9.18 MHz noise. The

RAE antenna temperature for the (assumed) storm passes, uncor-

rected for iris effects, was about 70 dB above 288 0K, a magnitude

which is comparable to those normally observed over the South

American continent, and which is about 20 dB higher than the back-

ground noise level usually observed over the Indian Ocean.

Manual ray tracing was utilized to assess the possible effect

of distant transmitters on noise magnitudes observed by RAE over

the U.S., South Africa and Australia. It was found that the signal

from a 100 kW transmitter located aboutl10,000 km from the sub-

satellite point would produce an equivalent RAE antenna temperature

about 30 dB lower than those actually observed. It appears that

propagation losses in that part of the ray path which is below the

ionosphere between the transmitter and ionospheric penetration

point reduces the signal compared to the total noise radiated by

the effective source area below the satellite. Further, no direct
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paths which would minimize propagation losses between a trans-

mitter and RAE can be identified by the manual technique; our

interim conclusion, therefore, must be that the terrestrial noise

observed by RAE comes only from the source area below the satellite

visible through the ionospheric iris. This conclusion is sup-

ported by the fact that visual inspection of data taken on the

dayside where foF2 >observing frequency for an estimated 2000

passes always finds the noise temperature on the downward Vee

antenna to be equal to or less than that on the upper Vee - this

indicates that all of the noise is coming from the galaxy and cos-

mic noise albedo from the top of the reflecting ionosphere.

Manual mapping techniques have produced global maps in geo-

graphic coordinates for noise distributions in December, 1968,

on 9.18, 6.55, and 4.7 MHz, and in October, 1968 and August, 1969

on 9.18 MHz. (Other maps covering April and July, 1969 have been

prepared, but were not treated here due to insufficient analysis

of the results at contracts' end.)

The main features common to all maps, regardless of month

or frequency is that the noise level is consistently high over

the continental land masses and generally low over ocean areas

remote from land. The ionospheric iris effect is quite evident on

a global basis; the general noise level is highest on the highest

observing frequency which sees the largest effective source area.

Our earlier conclusions (Herman, et al, 1973) based on 9.18

MHz observations in December, 1968, are borne out by the August and

October maps for the same frequency. That is, over the U.S. the

major terrestrial contributor appears to be man made noise; over

China, Russia and the eastern Mediterranean area ground-based trans-
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mitters operating in the RAE bandwidth contribute most; and over

northern South America thunderstorm activity is the principal

terrestrial source.

One discovery of potentially significant importance emerged

from the August 9 MHz map. In the Indian Ocean area bounded by

roughly 20-40OS and 60-1050 E high noise magnitudes (-70 dB) were

detected on five days out of the 20-day period of analysis, while

the background level established by measurements in the remaining

fifteen days was about 50 dB. In the absence of ship transmissions

(the maritime frequency band is well outside the RAE bandwidth)

or aeronautical signals, the high noise level would be due to in-

tense thunderstorm activity.

This occurrence is believed to be unusual because it was

observed in local winter, when thunderstorm activity is minimum,

and was over an ocean area where few thunderstorms are generally

thought to occur.
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